. We report
(B) A difference circular dichroism spectrum (green) was generated by substracting the spectrum of SspB127 (blue) from that of SspB (magenta). The difference spectrum is typical of a random coil, indicating that the residues 128-165 of SspB are mostly unstructured in solution.
here its structure alone and in complex with SsrA at 2.2 become at least partially structured upon binding to ClpX and contribute to allosteric activation of the ATPase. and 2.9 Å resolution, respectively. The structure reveals an RNA binding fold termed the "Sm-fold" (Kambach Crystallization trials with the truncated SspB protein readily yielded tetragonal crystals that diffracted X-rays et al., 1999) despite a lack of recognizable sequence similarity with other Sm-fold proteins. The SspB/SsrA to 2.2 Å resolution. Cocrystallization of SspB127 with the SsrA tag produced only very poorly ordered crystals, complex explains key determinants for recognition of the SsrA peptide and sheds light on recruitment of target but we did obtain SsrA cocrystals suitable for structure determination using the full-length SspB protein. The proteins to the prokaryotic degradation machine.
SspB127 structure was phased by multiple wavelength anomalous dispersion methods using selenomethioResults and Discussion nine-substituted protein (see Table 1 and Experimental Procedures). The free SspB127 structure was used as Biochemical Analysis Because crystallization of full-length SspB did not inia model for determination of the SspB/SsrA structure by molecular replacement (see Table 1 and Experimental tially yield crystals suitable for structure determination, we dissected the SspB molecule using limited proteolyProcedures). sis. Treatment with carboxypeptidase Y yielded a relatively stable fragment containing residues 1-127 of SspB Overall Structure The SspB homodimer has an elongated shape with ap-( Figure 1A ). This fragment, referred to here as SspB127, was expressed in soluble form in E. coli (see Experimenproximate dimensions of 70 ϫ 45 ϫ 33 Å ( Figure 3A ).
Each monomer is a compact domain (approximately tal Procedures). Comparison of the circular dichroism spectra of full-length SspB and SspB127 suggests that
35 ϫ 40 ϫ 32 Å ) consisting of a ␤ sandwich capped at one end by a long ␣ helix ( Figure 3B ). Additional ele-C-terminal tail (128-165) of SspB is unstructured in the purified protein ( Figure 1B ). This result is not unexments of secondary structure include two 3 10 helices, one in the loop connecting ␤ strands 1 and 2 and the pected, given its proteolytic susceptibility, lack of predicted secondary structure, and amino acid content (3 other near the C terminus. The first 4 (Met1-Ser4) and last 16 residues (Glu112-Glu127) of SspB127 are not glycines and 7 prolines in 38 residues; 26.3%) ( Figure  2A ). In the course of purification we observed that fullobserved in the electron density and are likely unstructured; the refined model includes residues 5-111 of length SspB forms stable dimers in solution as recently reported (Wah et al., 2002) . Comparison of the gel-filtraSspB (Table 1) . The structured region of full-length SspB in complex with the SsrA tag is similar (residues 4-111). tion profiles of full-length and truncated SspB indicated that SspB127 also forms dimers; thus, the C-terminal SDS-PAGE analysis of SspB/SsrA crystals revealed no evidence of proteolytic cleavage; thus, the lack of electail is not required for dimerization.
We next asked whether removal of the C-terminal tail tron density for the C-terminal residues is likely due to disorder (data not shown). affected recognition of the SsrA peptide or of an SsrAtagged substrate (green fluorescent protein, His-GFPIn spite of a lack of recognizable sequence similarity, the fold of SspB is topologically similar to that of the SsrA). His-GFP-SsrA, immobilized on metal-affinity beads, bound approximately stoichiometric amounts of both RNA binding domain of small nuclear ribonucleoproteins (Sm-fold) (Kambach et al., 1999) and more distantly simiSspB and SspB127 ( Figure 1A, lanes 6 and 7) (Figures 1E and 1F) .
atoms. Both Sm D2 and L1 bind RNA but in structurally distinct sites. Thus, it is unclear whether the observed Although the C-terminal tail of SspB does not participate in dimerization or SsrA recognition, it does appear structural similarity reflects an evolutionary relationship. Nevertheless, it is interesting to note that SspB protein to participate in recognition and activation of the ClpX Figure 2A ). Additionally, residues Asn98, Ala100, and Gly101 (in the loop preceding strand ␤7) structure will facilitate structure/function studies of ribosome recognition by SspB.
contribute to the mostly hydrophobic interaction. We SspB dimer is oriented such that the C terminus of the SspB and ClpX in two of three rotational dimensions. The remaining dimension, corresponding to rotation SsrA tag extends toward ClpX (Figures 6B and 6C) . These considerations restrict the relative orientation of about the dyad axis, is not restrained but could vary The reservoir solution for crystallization of the SspB127 protein clpP genes were cloned using standard PCR techniques with genomic DNA as a template. They were cloned into the His-tag containing (native and Se-Met substituted) consisted of 100 mM HEPES-KOH (pH 7.5) containing 4.0-4.1 M NaCl. For cryocooling, a crystal was vectors. A similar procedure was used to purify ClpX, ClpP, and GFP-SsrA, except that the Ni-NTA column was used for the first transferred to reservoir solution containing increased NaCl concentration (4.2 M) before flash-freezing in a nitrogen stream at 100 K. step instead of ammonium sulfate fractionation. Proteins were quantified by their absorbance at 280 nm or by the method of Bradford using Diffraction data were collected on a charge-coupled device detector at the X12C beamline of the National Synchrotron Light Source, bovine serum albumin as a standard. ATPase activity was measured by determining the amount of inorganic phosphate formed on ATP Brookhaven National Laboratory. Diffraction data were processed and scaled using the HKL2000 software package (Otwinowski and hydrolysis and detected at 660 nm as a complex with malachite green and ammonium molybdate (Lanzetta et al., 1979) .
Minor, 1997).
Structure Determination and Refinement Limited Proteolysis
Four of eight possible selenium sites (including two N-terminal meFor preparative proteolysis, 1 mg/ml of SspB protein solution in 50 thionine residues) in the SspB127 asymmetric unit were located mM Tris-HCl (pH 7.7) and 250 mM NaCl was mixed with 1 mg/ml of with SOLVE (Terwilliger and Berendzen, 1999). The phases were various classes of protease including trypsin, chymotrypsin, papain, improved with DM (CCP4, 1994). The electron density was of sufficarboxypeptidases A, B, and Y, elastase, subtilsin, and GluC-endocient quality to identify and build the long N-terminal ␣ helices. peptidase in 50 mM Tris-HCl (pH 8.0) in a 100:1 (v/v) ratio. The Using a partial model including these helices and the selenium sites, solution was incubated for several minutes to hours at room temperthe noncrystallographic symmetry operators were calculated. Subature. To stop the reaction, equal volume of SDS-PAGE buffer was sequent 2-fold NCS averaging with DM yielded an excellent electron added and boiled immediately. The digestion products were sepadensity map that allowed construction of a nearly complete model. rated and visualized by SDS-PAGE; selected bands were further
The model was rebuilt with the program O (Jones et al., 1991) . The analyzed by N-terminal sequencing and mass spectrometry.
protein model was refined with CNS (Brunger et al., 1998), including the bulk solvent correction. The 2-fold noncrystallographic symmetry was maintained with tight restraint during the early stages of Histidine-Tag Pull-Down Assay with Purified His-GFP-SsrA and SspB refinement but was relaxed in the final rounds. The model of SspB127 (Se-Met substituted) accounts for 107 residues in both His-GFP-SsrA protein was loaded onto the nickel-NTA column equilibrated with 50 mM Tris-HCl (pH 8.0), 100 mM NaCl, and then the subunits, and no electron density was observed for the C-terminal tail (Table 1) . Solvent molecules were added using model-phased beads in the column were incubated with an approximate 2-to 3-fold molar excess of SspB or SspB127 for 30 min at 4ЊC. After washing difference Fourier maps by using CNS (Brunger et al., 1998 
